






Auger satellites. Results are compared with theory.3 "10

In the experiment. x rays from an 8-pole wiggler, operating

at 14 kG, were focused onto an Ar jet by a Pt-coated doubly

curved toroidal mirror. The x-ray bandwidth from a Ge (111)

double-crystal Bragg monochromator was 0.9 eV at ho-3200 eV; the

flux on target was -101 2 photons/s with 60 mA of 3-GeV electrons

In the SPEAR storage ring. Electron spectra were measured with a

computerized double cylindrical-mirror analyzer; with a pass

energy of 82.5 eV, the electron-spectrometer resolution was 1.6

eV.

We take the 2,660-eV Ar K-L 2L3 
1D2 Auger-electron line as

reference. The K-LL Auger yield 12 of Ar is affected only minutely

by excitation of one or two N-shell electrons. The Intensity of

satellites of the 1D Auger line relative to that of the "diagram"

line is therefore a measure of the probability of the multiple

photoexcltatlon processes studied here.

To Interpret the 1D Auger satellite spectrum it is necessary

to calculate the radlationless transition energies and rates In

the presence of one or two open N subshel Is. The initial states

can be limited to those which In the sudden approximation are

expected to be significantly populated.1 These are the [Is313

(1-0,1) shakeoff states and the [ls31nl (n-4 and 5 for 1-1, n-4

for 1-0) shakeup states. In the limited 3s(2 S)nsl,3 Ss 2 S and

53p(2P)npl, 3 S1s 2 S basis, the elgenstates are linear

4
. superpositions of IS and 3S states. The Initial shakeup states

* can be Identified as states with dominant IS component because

the monopole selection rules prevent transitions to the triplet
I
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state. According to our Hartree-Fock (HF) calculations, the

initial [ls3p]4p state has almost pure 1S character, whereas In

the other shakeup cases the mixture is more uniform.

The radiationless decay of the initial doubly excited states

considered above to the various [2p 2 (lS,1 D)31]nll,3L final states

was analyzed by calculating transition energies as differences

between initial- and final-state total energies. The states were

described by single-configuration HF configuration-average wave

functions In LS coupling. Relative transition rates within each

multiplet were calculated from the square of the product of

appropriate angular factors and Slater integrals. The ratio of

the s- to d-wave contributions to the K-L 2 ,3 L 2 .3 1S and 1D

transition rates was estimated with Hartree-Slater wave

functions. Nonresonant triple excitation satellites fall outside

the energy span of the spectra.

Calculated Auger satellite energies are indicated

schematically in Fig. 1. The satellites arising from 3s and 3p

shakeoff accompanying is ionization are seen to fall into the

peak around -2,643 eV, while most 3. and 3p shakeup processes

cause Auger satellites that fall within the 2,650-eV peak,

unresolved from the K-L 2 L2 ISO diagram line. The measured

intensity of the 1S line, excited at or below 3,220 eV photon

energy, is 11.0+0.6% of the 1D-line intensity, in excellent

agreement with the prediction (11.12%) from a relativistic

intermediate-coupling calculation that includes configuration

interaction.1 1 The predicted positions of the Auger lines are

only slightly affected by configuration mixing In the initial

states and by relativity.
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In Fig. 2(a), the relative Intensity of the 2.643-eV shakeup

satellite peak including the ISO diagram line is plotted. The

satellite peak that arises at photon energy E-3,225 eV is

tentatively ascribed to the C1s3p]4p2 bound-bound resonance, in

accordance with the Interpretation of the Ar X absorption

spectrum8 which shows a peak at 3,224 eV. In accord withj

observations of Kobrin et al., 6 the Cls3pJ4p shakeup satellite

* appears to have approximately half its asymptotic Intensity at

5 V above threshold. Saturation of (ls3pj4p plus opening of theI

Els3sJ4s channel lead to a small gradual Increase which levels

off to a constant shakeup satellite Intensity -60 eV above the

[ls3p]4p threshold.

Within the Independent-electron model, the shakeup cross

section is given by a combination of monopole and dipole radial

matrix elements, <nlnl> and <nl'grlnl>, respectively. If we

neglect terms with double and triple order products of the n'lIn

overlap elements, the ratio of the [ls3p]4p to [Is] cross

sections is3

22* Rap.. 4p(Z) -P(Cls3p]4p)(5A+(Zj) +7A_.(& 1)2)/2P([lsJ)<e'ptrjls>2 ,

where

P([n111 ... 1n 2 12 ) mFFCr~nln>2q(fll) (2)

and

A+(Cl) < 4p13p>FIplrlIls>+<Clpl3p><4plrIls>. (3)

In the product (2), q(nl) Is the number of electrons In subshell
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n1 of the hole configuration (n1 l...J. From energy conservation,

we have 4C=E-I([ls3p]4p) and 6'=E-X([ls]), which leads to the E-

dependence Indicated by the solid curve In Fig. 2(a). The

continuum wave function was calculated in a (ls3p]4p HF frozen

core, using Seaton's method.12 The theoretical curve was

normalized to the measured point at E-3.380 eV, whereas the

calculated asymptotic Intensity ratio is 14%. The measured energy

dependence of the shakeup probability is seen to be well

predicted by theory, except very close to threshold.

The configuration-interaction (CI) calculation of Dyall 1 0

includes mixing between [131141 and higher members of that

shakeup series. The shade of the curve is not much affected by

this CI, but a shifting of Intensities results, from the lower to

upper states, in accordance with the present experiment. The 6%

[ls3p]4p excitation probability measured by Kobrin et al.6 also

agrees well with the calculations of Dyall.10

In contrast to shakeup, double-ionization cross sections

must always start from zero at the threshold,3 as can be seen

from the independent-electron model cross-section ratio .5

R3p-04p (1) - P(C1s3p] )J(A+.L)2+A.l()2)dE/4P(Cls])<eplrls>2. (4)

0
where we have L2 -Z-I((ls3p]). The 4p wave function In Eq. (3) Is

replaced by the continuum wave function of the shakeoff electron

with energyL (0<_ 2 ), so that -4 2 -6. It is clear

from Fig. 2(b) that the measured cross section does not

go to zero at the [ls 3 p] threshold. This fact can be attributed to

admixture, In the 2,643-eV peak of satellites due to half of the

* 3p->Sp excitations and higher shakeup, according to our energy
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calculations.

If we assume In accordance with Fig. 2(a) that the shakeup

ratio Is practically constant as a function of E, then it can be

concluded that the experimental shakeoff curve levels off at high

E at 19±2% (after subtracting the threshold value of 5%). The

shape of the curve is well predicted by a calculation of the

ratio given by Eq. (4), using HF wave functions for both the

K. [ls3p] core and continuum states [Fig. 2(b)]. In the calculation

of the continuum wave functions the Lagrangian multipliers were

neglected, but a Schmidt orthogonallzatlon was carried out

afterwards. As seen in Fig. 2(b), the measured cross-section

curve Is only slightly affected by the opening of the [ls3s]

* shakeoff channel. Our calculations predict an asymptotic shakeoff

probability of 25% at high E.

Dyall 10 has estimated the Els3s] and 1ls3p] relative

shakeoff probability by in essence taking the total shake

probabilities 1-<nllnl>2 per electron and subtracting the shakeup

probabilities calculated from Rydberg nl (n>4) functions

generated In a frozen-core average-of-configuration potential for

the [Is3s] and Cls3p] configurations. The result, 7.3%, is only

one-third of our experlmental probability, 19+2%. In order to

* understand this discrepancy, It Is useful to examine the sudden

3p shake(up+off) limit3

R3p_>n(C)p(as) - 6(l-<3p*13p>2)/<3p*13p>2  (5)

in which the snall influence of the forbidden transition

<2p*13p>2 has been neglected. If the 13p*> wave function is
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L= chosen as the one which corresponds to the (s3p] core, the

result is 37%. If this wave function Is chosen, on the other

hand, as that which corresponds to the [is] core, as in the

conventional sudden-approximation method, the result is 20.5%.

Subtraction of the -12% [ls3p]nl shakeup intensity1 0 from the

first of these results leads to 25% shakeoff; subtraction from

the second result gives 9% shakeoff. It appears that the 31 wave

functions of Ref. 10 were generated in a one-hole potential,

different from the potential that was used in generating the

Rydberg orbitals.

The total shake(up+off) probability at large E that we

measure is 33+4%. This is somewhat higher than the total N shake

probability of 26+2% measured by Krause et al. 1 and also

slightly exceeds the relative Ke x-ray satellite intensity of 28+

2%.2,8 The corresponding conventional shake value calculated from

Dirac-Fock (DF) wave functions, Including forbidden-transition

corrections, is 24.4%.

We can draw the following conclusions. (3) The difference in

the photon-energy dependence of shakeup vs. shakeoff close to

threshold has been demonstrated to be as predicted by theory. (2)

The measurements indicate more shakeoff than shakeup at high

*photon energy, in contrast to the predictions of Ref. 10 but In

accord with Ref. 1. (3) The measured shakeup probabilities agree

well with the predictions of Ref. 10, but the shakeoff

* probabilities do not. (4) The measured total shake probabilities

are bracketed by the sudden-approximation values calculated by

the HF (DF) method for a double-hole (1s311 and a single-hole

[Is] field. Within the restricted HF (DF) method, both procedures

8
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* are somewhat inconsistent with respect to fulfilling the closure

* relation. This Inconsistency is removed If many-electron wave

functions are used to obtain the

<j,(C1s3l]f(-) 1) 2S IffrozenC[15J )2S> shakeup and shakeoff

* amplitudes, since the T functions are elgenfunctions ol the same

projected (N-l)-electron Hamiltonian PH(N-I)P, where P-Ils)<l.

We gratefully acknowledge technical support at SSRL from

Teresa Troxel, Glen Kerr, and Jack Fredericks. We are indebted to

Reinhard Bruch and Mahindadasa Yakabadda Gamage for participating

in some of the measurements. This work was supported in part by

the Air Force Office of Scientific Research and by the U.S.

Department of Energy. SSRL is supported by the Department of

* Energy through the Office of Basic Energy Sciences and the NIH

through the Biotechnology Resources Program.

49



Permanent address: Laboratory of Physics, Helsinki University

of Technology, 02150 Espoo 15, Finland.

1. M. 0. Krause, T. A. Carlson, and R. D. Dismukes, Phys. Rev. !

170. 37 (1968).

2. T. Aberg, Phys. Rev. 156, 35 (1967).

3. T. Aberg, in Proceedinas of the International Conference on

Inner-Shell Ionization Phenomena and Future Applications,

edited by R. W. Fink, S. T. Manson, J. M. Palms, and P.

Venugopala Rao, U.S. AEC Report No. CONF-720404 (Natl. Tech.

Information Service, Springfield, Va. 1972), p. 1509.

4. U. Gelius, J. Electron Spectrosc. 5, 985 (1974).

5. R. L. Martin and D. A. Shirley, in Electron Spectroscopy,

edited by C. R. Brundle and A. D. Baker (Academic, New York,

1977), Vol. I, Chap. 2.

6. P. H. Kobrin, S. Southworth, C. M. Truesdale, D. W.Llndle,

U. Becker, and D. A. Shirley, Phys. Rev. A 29, 194 (1984).

7. L. Asplund, P. Kelfve, B. Blonster, H. Siegbahn, and K.

Siegbahn, Phys. Scr. 16, 268 (1977).

8. R. D. Deslattes, R. E. LaVilla, P. L. Cowan, and A. Henins,

Phys. Rev. A 27, 923 (1983).

9. M. Ya. Asusia, Adv. At. Mol. Phys. 17, 1 (1981).

10. K. G. Dyall, J. Phys. B 16, 3137 (1983).

*11. M. H. Chen, B. Crasemann. and H. Mark, Phys. Rev. A 21, 436

and 442 (1980).
I

12. M. H. Chen, B. Crasemann, M. Aoyagi, and H. Mark, Phys. Rev.

A 18, 802 (1978).

10

- . . ,- " ... "-..-*



Figure Captions

FIG. 1. Calculated energies of Auger satellites caused by

3s- and 3p-electron excitation accompanying is Ionization, with

reference to an Ar K-L2 ,3L2 ,3 Auger spectrum photoexcited 2,000

eV above the is ionization threshold. Estimates of relative

satellite Intensities within each multiplet are Indicated by the

heights of the bars.

FIG. 2. (a) Intensity of the 2,650-eV feature In the

photoexcited Ar K-L2,3L2,3 Auger spectrum, with reference to the
1D-line intensity, as a function of x-ray energy. The dashed line

at 11.1% Indicates the IS diagram-line contribution. Energy

thresholds for Is Ionization and for 3p*4p and 3s*4s shakeup

accompanying Is ionization are indicated by vertical arrows. The

normalized theoretical prediction for the near-threshold energy

dependence of these relative shakeup probabilities is represented

by the solid curve. (b) PhotoexcitatIon-energy dependence of the

2,643-eV Auger satellite-group Intensity. Thresholds for Is

ionization alone and accompanied by 3p and 38 Ionization are

indicated by vertical arrows. The normalized theoretical relative

shakeoff probability is indicated by the solid curve. Circles and

triangles pertain to data from separate experiments.
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